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In the framework of the isospin-dependent Boltzmann-Uehling-Uhlenbeck transport model, sensi-
tive regions of some nucleon observables to the nuclear symmetry energy are studied. It is found that
the symmetry energy sensitive observable n/p ratio in the 132Sn+124Sn reaction at 0.3 GeV/nucleon
in fact just probes the density-dependent symmetry energy below the density of 1.5ρ0 and effec-
tively probes the density-dependent symmetry energy around or somewhat below the saturation
density. Nucleon elliptic flow can probe the symmetry energy from the low-density region to the
high-density region when changing the incident beam energies from 0.3 to 0.6 GeV/nucleon in the
semi-central 132Sn+124Sn reaction. And nucleon transverse and elliptic flows in the semi-central
197Au+197Au reaction at 0.6 GeV/nucleon are more sensitive to the high-density behavior of the
nuclear symmetry energy. One thus concludes that nucleon observables in the heavy reaction sys-
tem and with higher incident beam energy are more suitable to be used to probe the high-density
behavior of the symmetry energy. The present study may help one to get more specific information
about the density-dependent symmetry energy from nucleon flow observable in heavy-ion collisions
at intermediate energies.
I. INTRODUCTION
The density-dependent symmetry energy, which char-
acterizes the isospin-dependent part of nuclear equation
of state (EOS), is a hot topic owing to its importance in
both nuclear physics and astrophysics [1–4]. In nuclear
physics, the symmetry energy is a key factor in under-
standing many issues such as the nuclear bound energy,
deformation, the density and radius of neutron distribu-
tion, the stability of super-heavy nuclei, and the neutron
skin thickness of neutron-rich nuclei [5–7]. Also, as the
enormous high isospin asymmetric nuclear matter was
produced in the evolution of the cosmos, the symmetry
energy plays a crucial role in answering a variety of ques-
tions in astrophysics, like the structures, composition,
and cooling of neutron stars, and the birth and core-
collapse evolution of supernovas [8, 9]. There is a note-
worthy fact that the symmetry energy and its density
dependence determine whether the direct Urca process
is allowed or not in neutron stars [10, 11].
To pin down the symmetry energy in the broad density
region, people have made great efforts, including theoret-
ical researches [12–15] and experimental studies [16–18],
both terrestrial [19–21] and celestial [22, 23]. Fortunately,
the symmetry energy and the slope parameter govern-
ing its density-dependence around the saturation den-
sity of the nuclear matter have been roughly constrained
[24, 25]. However, due to the complexity of the nuclear
force and nuclear many-body problem, the high-density
behavior of the symmetry energy given by various the-
oretical models is still very much controversial [26, 27].
It is thus necessary to find a way to meet this challenge.
Nowadays, heavy-ion collisions with rare isotopes can be
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used to probe the nuclear symmetry energy, especially
at high densities. At present, many observables, which
have been identified to be sensitive to the symmetry en-
ergy, like the free neutron to proton ratio n/p [28–30],
the pi+/pi− ratio [31–34], radial flow [35], isospin fraction
[36, 37], isospin diffusion [38, 39], and transverse and el-
liptic flows [40], could be effective probes of the symmetry
energy.
However, it is not straightforward that one can ob-
tain the high-density behavior of the symmetry energy
when heavy-ion collisions produce dense matter with
densities well above saturation density. One needs to
study in detail which density region that the symmetry
energy sensitive observables probed. Allowing for the
fact that the isotope reaction reaction 132Sn+124Sn at a
beam energy of 0.3 GeV/nucleon is being carried out at
RIKEN in Japan [41, 42], and the 197Au+197Au reaction
at 0.6 GeV/nucleon is being planned at FOPI/GSI and
CSR/Lanzhou [17, 43], in this study, we try to give the
specific density region for which some nucleon observ-
ables are mainly probed. The present work may help one
to constrain the high-density behavior of the symmetry
energy more effectively.
II. METHODS AND RESULTS
The present work is based on the framework of the
isospin-dependent Boltzmann-Uehling-Uhlenbeck (BUU)
transport model. The used Skyrme-type parametrization
for the isoscalar term of the mean field potential [44]
gives the ground-state compressibility coefficient of nu-
clear matter K = 230 MeV [45]. Similar to the studies in
the Refs. [34, 46, 47], for the purpose of determining in
which density region the observables are sensitive to the
symmetry energy, a specific density-dependent symmetry
energy form Esym = 32(ρ/ρ0)
γ=2 is chosen in a certain
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FIG. 1. (Color online) The relative sensitivity of the symme-
try energy sensitive observable free neutron to proton ratio
n/p as a function of kinetic energy in the central 132Sn+124Sn
reaction at 0.3 GeV/nucleon.
density region. The choice of the symmetry energy pa-
rameter γ is just for the convenience of research. To gain
the relative sensitivity of the symmetry energy sensitive
observables in different density regions, the symmetry
energy from zero to maximum density is added step by
step in the transport model to simulate the heavy-ion
collision. Five various cases are considered; i.e., the sym-
metry energy is added in the density regions 0 − 0.5ρ0,
0−ρ0, 0−1.5ρ0, and 0−2ρ0, and the case of no symmetry
energy is applied in the whole density region.
Figure 1 shows the relative sensitivity of the symmetry
energy sensitive observable free neutron to proton ratio
n/p as a function of kinetic energy in the 132Sn+124Sn
reaction at a beam energy of 0.3 GeV/nucleon and an
impact parameter of 3 fm. Since protons are pushed
to be away from the center of the reaction system by
the Coulomb potential, it is thus naturally seen that the
n/p ratio in each case decreases as the kinetic energy in-
creases, especially without the action of the symmetry
energy. The fact that the nuclear symmetry potential
repels neutrons and attracts protons causes the n/p ra-
tio at high kinetic energies to increase step by step by
adding the symmetry energy step by step except in the
density region of 0−0.5ρ0. Since the symmetry energy in
the density region 0−0.5ρ0 repels neutrons from the low-
density region 0 − 0.5ρ0 to relative high-density region,
one thus sees the free n/p ratio decrease with the symme-
try energy in the density region 0−0.5ρ0 due to the anti-
repulsive effects of the symmetry energy at very low den-
sities. The effect of the symmetry energy in the density
region 1.5ρ0−2ρ0 is negligible since the n/p ratios almost
overlap when adding the symmetry energy in the density
regions 0−1.5ρ0 and 0−2ρ0. The effects of the symmetry
energy shown in the region 0.5ρ0−ρ0 are somewhat larger
than that shown in the region ρ0−1.5ρ0. From Fig. 1, it
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FIG. 2. (Color online) The relative sensitivity of neutron and
proton elliptic flows as a function of transverse momentum in
the semi-central 132Sn+124Sn reaction at 0.3 GeV/nucleon.
is seen that the symmetry energy sensitive observable n/p
ratio in the 132Sn+124Sn reaction at 0.3 GeV/nucleon
in fact just probes the density-dependent symmetry en-
ergy below the density of 1.5ρ0 and effectively probes the
density-dependent symmetry energy around or somewhat
below the saturation density.
Nucleon directed and elliptic flows in heavy-ion colli-
sions can be derived from the Fourier expansion of the
azimuthal distribution [48–51], i.e.,
dN
dφ
∝ 1 + 2
n∑
i=1
vn cos(nφ). (1)
The nucleon elliptic flow v2 can be obtained from
v2 = 〈cos(2φ)〉 = 〈
p2x − p
2
y
p2t
〉 (2)
and can be used to probe the nuclear symmetry energy
[48]. The neutron and proton elliptic flows as a function
of transverse momentum in the 132Sn+124Sn reaction at
an incident energy of 0.3 GeV/nucleon and an impact pa-
rameter of 5.5 fm are plotted in Fig. 2. The effects of the
symmetry energy shown in Fig. 2(a) are roughly equal
when adding the symmetry energy in the density regions
0 − ρ0, 0 − 1.5ρ0 and 0 − 2ρ0, respectively. The neu-
tron elliptic flow without adding the symmetry energy is
almost the same as the one when adding the symmetry
energy in the density region 0−0.5ρ0. That is to say, only
the effect of the symmetry energy in the density region
0.5ρ0 − ρ0 is distinguishable. Thus, it suggests that the
neutron elliptic flow in the 132Sn+124Sn reaction at 0.3
GeV/nucleon mainly probes the density-dependent sym-
metry energy in the region 0.5ρ0 − ρ0, which is similar
to the proton elliptic flow shown in of Fig. 2(b). The
neutron and proton elliptic flows in the 132Sn+124Sn re-
action at the incident energy of 0.3 GeV/nucleon thus
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FIG. 3. (Color online) The relative sensitivity of neutron and
proton elliptic flows as a function of transverse momentum in
the semi-central 132Sn+124Sn reaction at 0.6 GeV/nucleon.
cannot be used to probe the high-density behavior of the
symmetry energy.
To probe the density-dependent symmetry energy at
higher densities, we change the incident beam energy
from 0.3 to 0.6 GeV/nucleon. The relative sensitivity of
neutron and proton elliptic flows as a function of trans-
verse momentum in the 132Sn+124Sn reaction at the in-
cident beam energy of 0.6 GeV/nucleon is shown in Fig.
3. Comparing with the situation shown in Fig. 2, the
effects of the symmetry energy on the neutron elliptic
flow become larger in the density region ρ0− 1.5ρ0. And
also the effects of the symmetry energy on the proton
elliptic flow become more evident in this density region.
It is concluded that nucleon elliptic flow can probe the
symmetry energy from the low-density region to high-
density region when changing the incident beam energies
from 0.3 to 0.6 GeV/nucleon in the 132Sn+124Sn reaction
with an impact parameter of 5.5 fm.
Since the difference between neutron and proton el-
liptic flows is more useful to probe the symmetry en-
ergy [48], shown in Fig. 4 is the difference between neu-
tron elliptic flow and proton elliptic flow as a function of
transverse momentum in the 132Sn+124Sn reaction at 0.6
GeV/nucleon. It is seen that the effects of the symme-
try energy in the density region ρ0− 1.5ρ0 are somewhat
larger than in the region 0− ρ0. However, the difference
between neutron and proton elliptic flows in a medium
nuclei 132Sn+124Sn collision at 0.6 GeV/nucleon still can-
not probe the symmetry energy in the region 1.5ρ0−2ρ0.
Since the medium nuclei 132Sn+124Sn collision at 0.6
GeV/nucleon cannot effectively probe the symmetry en-
ergy at high densities, and in heavy nuclei collisions the
symmetry potential may act on nucleons longer than in
light nuclei collisions, in Fig. 5 we show the relative sen-
sitivity of the difference between neutron elliptic flow and
proton elliptic flow in the heavier nuclei semi-central colli-
sion 197Au+197Au at a beam energy of 0.6 GeV/nucleon.
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FIG. 4. (Color online) The relative sensitivity of the differ-
ence between neutron elliptic flow and proton elliptic flow
as a function of transverse momentum in the semi-central
132Sn+124Sn reaction at 0.6 GeV/nucleon.
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FIG. 5. (Color online) The relative sensitivity of the differ-
ence between neutron elliptic flow and proton elliptic flow
as a function of transverse momentum in the semi-central
197Au+197Au reaction at 0.6 GeV/nucleon.
It is seen that the effects of the symmetry energy in the
density region ρ0− 1.5ρ0 are evidently larger than in the
region 0−ρ0. Unfortunately, the difference between neu-
tron and proton elliptic flows in the 197Au+197Au colli-
sion at 0.6 GeV/nucleon still cannot probe the symmetry
energy at densities above 1.5ρ0. Nevertheless, a heavy
reaction system at higher incident beam energy is more
suitable to be used to probe the high-density behavior of
the symmetry energy.
Inspired by the above result, as an alternative sym-
metry energy sensitive observable, shown in Fig. 6, we
also studied the difference between neutron transverse
flow and proton transverse flow as a function of rapidity
in the 197Au+197Au reaction at 0.6 GeV/nucleon. The
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FIG. 6. (Color online) The relative sensitivity of the difference
between neutron transverse flow and proton transverse flow
as a function of rapidity in the 197Au+197Au reaction at 0.6
GeV/nucleon.
difference between neutron transverse flow and proton
transverse flow as a function of rapidity reads
pxn − p
x
p =
1
Nn(y)
Nn(y)∑
i=1
pxi (y)−
1
Np(y)
Np(y)∑
i=1
pxi (y), (3)
where Nn(y) and Np(y) are the numbers of neutrons
and protons, respectively, at rapidity y; pxi (y) is the
transverse momentum of the free nucleon at rapidity y.
From Fig. 6, it is seen that the difference between neu-
tron transverse flow and proton transverse flow in the
semi-central 197Au+197Au reaction at 0.6 GeV/nucleon
mainly probes the symmetry energy in the density region
ρ0 − 1.5ρ0, while it is not sensitive to the symmetry en-
ergy below the saturation density. It is also seen that this
observable in such a reaction is also sensitive to the sym-
metry energy in the density region 1.5ρ0 − 2ρ0 to some
extent. Comparing the results shown in Fig. 6 with the
results in Fig. 5, it is concluded that the difference be-
tween neutron and proton transverse flows and the differ-
ence between neutron and proton elliptic flows are more
suitable to probe the high-density behavior of the nu-
clear symmetry energy in the semi-central 197Au+197Au
reaction at 0.6 GeV/nucleon.
In Ref. [17], the sensitivity of elliptical flow ratio to
the various density regimes probed in heavy-ion colli-
sions was similarly studied quantitatively by switching
the density dependent symmetry energy at certain den-
sity regions. For Au + Au reactions at 0.4 GeV/nucleon,
it is observed that the maximum sensitivity of the neu-
tron/proton elliptic flow ratio lies in the 1.4-1.5ρ0 region.
The results obtained in Ref. [17] are thus similar to our
results in the present studies. And also the sensitivity
of the symmetry-sensitive-observable decreases with the
increase of incident beam energy; nucleon flow in heavy-
ion collisions thus cannot effectively probe the symmetry
energy above 1.5ρ0. Alternatively, to constrain the sym-
metry energy above 1.5ρ0 by nucleon flow, one has to
constrain the symmetry energy below 1.5ρ0.
The effects of short range correlations of nucleons, es-
pecially the high-momentum tail of the nucleon momen-
tum distribution in nuclei, would play a role in symmetry-
energy-sensitive observables in heavy-ion collisions [52–
55]. The effects of nucleon short range correlations on nu-
cleon transverse and elliptic flows are shown in Ref. [54].
Although the short range correlations may affect the sen-
sitivities of observables to the symmetry energy, they
may not change the relative sensitivity of an observ-
able to the symmetry energy in different density regions.
This is because the short range correlations are less af-
fected by the density of nuclear matter as well as by the
tiny changes of asymmetry of nuclear matter in heavy-
ion collisions. In this case, the physical results of the
present study would not change much with or without
short range correlations.
Since the present studied nucleon elliptic or transverse
flows are both as a function of momentum or rapidity,
the momentum dependencies of the symmetry potential
at different densities would more or less affect the rela-
tive sensitivity of an observable to the symmetry energy
in different density regions [56]. This question deserves
further study.
III. CONCLUSIONS
Within the isospin-dependent BUU transport model,
we studied the regions of some nucleon observables that
are sensitive to the nuclear symmetry energy. It is found
that nucleon observables in the 132Sn+124Sn reaction at
0.3 GeV/nucleon cannot effectively probe the density-
dependent symmetry energy above a density of 1.5ρ0.
However, nucleon observables can probe the symmetry
energy from the low-density region to high-density region
when changing the incident beam energies from 0.3 to 0.6
GeV/nucleon, especially in the heavy reaction system.
One generally considers that the symmetry energy
sensitive observable would probe the symmetry energy
at high densities if the maximum compression density
reached in heavy-ion collisions is evidently above the sat-
uration density. In fact, this question is not straightfor-
ward, not only because the symmetry energy sensitive
observable in heavy-ion collisions generally does not re-
flect the value of the symmetry energy but rather its
slope, but also the symmetry energy sensitive observable
usually suffers interference from the low-density nuclear
matter.
Presently there is no good way to study the density
region that the symmetry energy sensitive observable
probed, except for the unphysical operation of changing
the symmetry energy in a certain density region. There-
fore, some other methods of extracting the specific den-
5sity region that the symmetry energy sensitive observable
probed are still needed to cross-check our obtained phys-
ical results, and not making the deduction merely from
imagination.
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